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Abstract. Pseudomorphic strained-layer AlxGa1-xAs/InyGa1-yAs/GaAs heterostructures have been studied
by means of photoluminescence and Raman scattering. It is established the correlation between the
photoluminescence line shape changes and the Raman spectra modification when the quantum well
width is below the critical layer thickness estimated to be of 25 nm for y = 0.1. The photoluminescence
feature observed for the InGaAs quantum well width equal to 20 nm as extremely narrow exciton-like
peak with the full width at half of maximum  equal to 1.5 meV at low temperature (T = 6 K) transforms
into broad band of the full width at half of maximum equal to 16 meV when the quantum  well width
reaches the value about of 12 nm. The photoluminescence line shape broadening is accompanied by the
modifications of Raman spectra. A new line arising at the spectral position n = 160 cm-1 is assigned to
impurity-induced longitudinal acoustic mode of InyGa1-yAs. The changes observed in optical spectra are
related to the generation of defects in the under-critical layer thickness region.
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1. Introduction
Pseudomorphic modulation-doped Al1-xGaxAs/InyGa1-yAs/
GaAs heterostructures contain the strained semiconductor
layer due to the 6-7% mismatch between the lattice constants
in GaAs and InAs [1]. The strain leads to accumulation of
elastic energy which can be partly released through the gen-
eration of various defects [2]. The relaxation threshold de-
pends on the growth conditions (temperature, growth rate,
substrate orientation) [3], In content and is characterized
by certain critical layer thickness (CLT) [4], which in turn
is equivalent to a critical strain energy. A substantial amount
of work has been done in characterizing InGaAs/GaAs single
quantum wells (QW) [5-7] and the results were always
related to CLT. When the layer thickness is significantly
larger than the critical one the formation of misfit disloca-
tions generated at the interface or at the surface is expected
which are believed to penetrate the entire layer thickness,
releasing the accumulated strain energy. This simplified pic-
ture was argued by Brafman et al. [8], who suggested that the
dislocations do not diffuse through the entire layer, and the
defects are not mobile. The step-like profile of the strain was
assumed: a lower strained thin layer is formed and the growth
continues preserving the larger lattice parameter until the elastic
energy becomes too large and the next step takes place.
Below the CLT a high quality homogeneously strained
layers free of misfit dislocations are expected. A strong
single and narrow excitonic emission line from the QW is
the typical feature of the photoluminescence (PL) spectrum
in this region of QW thicknesses which reflects a high in-
terfacial quality also [9]. The reported values of CLT are
markedly scattered being determined by different experi-
mental techniques (PL, X-ray (double crystal) diffraction,
Hall effect, transmission electron microscopy, reflection
high energy electron diffraction, cathodoluminescence or
Raman scattering) due to either the different resolution of
method or different criteria used to derive the CLT. For
InGaAs heterostructures the CLT dependence is strongly
determined by the mole indium fraction and reveals a
remarkable change at y ~ 0.35. In particular case of y = 0.1
the CLT was estimated to be of 25 nm [10]. Indeed the PL
measurements for the QW of 20 nm width have shown an
exciton-like peak accompanied by a weak and comparatively
broad low-energy structure, ascribed to the two-dimen-
sional-electron gas (2DEG)-hole bound to acceptor transi-
tions. However further diminishing the InGaAs layer thick-
ness is expected to result in a strong broadening of the PL
feature in the under-CLT region. This broadening can not
be ascribed to the dislocation generation and has to be
connected with potential fluctuations, indium content varia-
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tion and interfacial roughness. By means of nondestructive
(PL and Raman scattering) study we intend to trace here
the correlation between the PL line shape and behavior of
phonon spectra of pseudomorphic modulation-doped
Al1-xGaxAs/InyGa1-yAs/GaAs heterostructures.
2. Experimental details
The samples used in this investigation are pseudomorphic
InyGa1-yAs modulation-doped quantum wells grown on
semi-insulating, (100)-oriented GaAs substrates in a Riber
32-P gas-source MBE (GSMBE) system. The typical epi-
taxial layer sequence consists of a GaAs buffer layer, an
undoped InyGa1-yAs strained QW (2DEG channel), an
AlxGa1-xAs undoped spacer, an AlxGa1-xAs heavily Si-
doped supplier layer, and a Si-doped GaAs cap layer. The
range of AlxGa1-xAs and InyGa1-yAs layer compositions
spreads into 0.15 £  x £  0.20 and 0.08 £  y £  0.20, respectively.
Double-crystal X-ray diffraction and simulation of the
double X-ray rocking curve were used to verify the samples’
structural parameters. The measurements were carried out
with a Bede Q1B X-ray diffractometer using the symmetric
(004) reflex. The X-ray patterns were indicative of the high
quality of the structures under investigation. The structural
parameters of the samples determined from this study are
listed in Table 1 together with the electron densities Ns and
the dc mobility m dc of the 2D electrons, obtained from the
low-field Hall measurements down to 4.2 K. The PL was
excited by the 514.5 nm line of a cw Ar+ laser. The PL
signal was dispersed through a 3/4-m Czerny-Turner scan-
ning spectrometer, with a spectral resolution better than
0.1 meV, and detected using phase-sensitive detection with
a thermoelectrically cooled photomultiplier tube (containing
a GaAs(Cs) photocathode) or a LN2 cooled high-purity Ge
detector. The samples were mounted in an Oxford Spect-
romag 4000 system, which allows measurements in mag-
netic fields up to 7 T and at temperatures from 1.7 to 300 K.
Raman scattering studies were performed using the 514.5
nm line of argon-ion laser. The room-temperature
measurements in backscattering geometry were carried out
within the spectral range 100-400 cm-1. The scattered light
was analyzed with a double monochromator and detected
by photon-counting electronics. In order to avoid the sample
overheating the laser radiation was focused through a cy-
lindrical lens.
3. Experimental results and discussion
A. PL study
The PL spectra for AlxGa1-xAs/InyGa1-yAs/GaAs hetero-
structures with varying QW width were measured at low
temperature T = 6 K and at the same excitation intensity.
Typically the spectral line shape changes with the intensity
increase due to hot carrier contribution, however no notice-
able shift of the PL peak is observed in the samples under
consideration. Fig. 1 shows the single-peaked PL spectra
for three representative samples with the InGaAs QW width
equal to 20 nm (S1), 15 nm (S2), and 12 nm (S3), respec-
tively. The Si-doping in AlxGa1-xAs layer provides the cor-
responding QW conduction band filling with electrons of
1.38 1.4 1.42 1.44
FWHM  1.6 meV
FWHM  9 meV
Eg
S1
S2
S3
FWHM
16 meV
P h o ton  e n er g y, e V
PL
 
sig
n
a
l, 
a.
u
.
Fig. 1. Low-temperature PL from three representative samples of
pseudomorphic modulation-doped Al1-xGaxAs/InyGa1-yAs/GaAs
heterostructures with different InGaAs QW widths at T = 6 K. The fit to
Eq. (1) is shown by dashed line.
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Table 1. Sample Parameters.
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the sheet density Ns = 7.02 × 1011 cm-2, Ns = 2.50× 1011 cm-2,
and Ns = 6.30 × 1011 cm-2 found from the Hall measurements
(see Table 1). The presence of the 2DEG modifies strongly
the potential profile at AlGaAs/InGaAs interface and gives
rise the energy levels falling down deeper in comparison
with the case of empty QW. Due to strain the valence band
is split, the light hole subband being the order of 60 meV
below the heavy hole subband. Nominally the direct transi-
tions between the n = 1 electron subband and the n = 1
heavy hole subband with the momentum conservation are
allowed. In fact the photoexcited holes rapidly relax to the
top of valence band, and the transitions of the carriers with
k ~  0
 
 are actual only.
This case is represented by Fig. 1, where very narrow,
with the full width at half maximum (FWHM) ~ 1.6
 
 meV,
PL peak is observed (Sample S1). This exciton-like feature
proves the high quality both of the QW and of the inter-
faces. Indeed, the presence of the 2DEG of sufficiently high
density (Ns = 7.02 × 1011 cm-2) would result in broadening
the corresponding PL feature due to breaking the
momentum conservation law, caused by the available de-
fects and imperfections. Typically this breakage leads to the
all electrons with k values spread up to k = kF ~ 2× 106 cm-1
become involved into the optical transitions and the PL fea-
ture is tailed up to the Fermi energy (EF). Using the simple
relation between the (EF - E1e) = p h2Ns/me* for the case
with the single occupied electron subband (E1e) one can
find EF = 23 meV if the electron effective mass (me*) in a
strained-layer InyGa1-yAs QW with y »  0.1 is taken to be
0.068. The effect of impurity scattering is to broaden the
electron and hole levels, and to introduce additional higher-
order impurity-assisted processes. The interference between
the two possible channels each involving an electron- or
hole-intermediate state into the indirect process turns out to
subtract intensity from the low-energy side of the photons
emitted and to add it to the high-energy side. Therefore the
impurity-assisted process yields significant shifting and
broadening of the spectral profile [11]. Taking into account
the absence of the broadening caused by impurity-assisted
processes as well as the absence of a noticeable shift of the
PL maximum from the low-energy cut-off we conclude
about the exciton-like nature of the PL which is expected
for the under-CLT region and is representative for the highly
homogeneous InGaAs epilayer.
Fig. 1 shows also the PL feature for InGaAs QW of
smaller QW thickness (15 nm) (Sample S2). The sheet den-
sity is now Ns =2.50 × 1011 cm-2 only. One has to expect the
PL feature of a FWHM value, at least, similar that for QW
width equal to 20 nm. However the PL feature observed is
broader substantially, FWHM ~ 12 meV, with clearly vis-
ible low-energy asymmetry. When the excitation intensity
is elevated the obvious symmetrization of the PL profile
takes place due to hot carrier contribution into the high-
energy tail. The reason for smearing the low-energy cut-off
at the low excitation level can be the generation of defects
or excitonic contribution. Indeed the measurements of the
PL response in magnetic field (B) show a characteristic ripple
of the PL line shape towards the higher energies, which
transforms into well-resolved Landau-level structure at
magnetic field as high as B = 7 T. The Landau-level fan
corresponds to the indirect off-diagonal transitions, allowed
due to impurity-assisted free carrier scattering. Indeed at
low temperature (T = 6 K) only the ground level Nh = 0  (Nh
denotes the Landau number for the hole states in magnetic
field, while Ne is the Landau number for the electron states of
conduction band) is occupied. Electron-hole recombinations
are expected to arise from the primary Ne = 0e fi  Nh = 0h
transition and secondary from the off-diagonal transitions
1e fi  0h,  2e fi  0h, etc, which are nominally forbidden by
conventional selection rules |Ne - Nh| = 0 for optical transi-
tions in magnetic field [12]. The 
 
6
 
 K peak intensities of
these forbidden transitions do not follow a Boltzmann dis-
tribution, but are determined by the off-diagonal transition
matrix elements. Inasmuch the presence of these transitions
give evidence for the impurity and defect appearance in the
InGaAs QW. Besides we observed that the principal transi-
tion 
 
0e fi  0h  in the PL spectrum is accompanied by the
low-energy band, which can be related to the exciton-like
state. Really the study of the free-carrier screening effect in
Shottky-gated modulation-doped InxGa1-xAs/InP QW has
shown that exciton contribution to the PL exists up to the
carrier density Ns »  3× 1011 cm-2 [13]. Exciton is expected to
be localized due to hole localization by alloy fluctuations.
The growth of density of fluctuations in QW is revealed
also by the analysis of the high-energy part of the PL fea-
ture when magnetic field is not applied. This part is accu-
rately fitted to the theoretical line shape [11].
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where e  is the photon energy minus the effective band gap,
f is the Fermi distribution function, m vj and  m ci stand for
chemical potentials in the 
 
j-th valence and the i-th conduc-
tion bands, respectively. The Lorentzian K accounts for the
processes associated with direct transitions in k space and
indirect impurity-assisted processes. Following the proce-
dure described in Ref. 11 the fit was performed for the line-
shape of PL excited by a low-intensity cw laser. The set of
parameters was derived from the fit: Eg =1.394  eV, G  =
12.2 meV ( G  is the FWHM value), EF = 10 meV. The EF
value obtained coincides good with that found from the self-
consistent solution of Schrodinger and Poisson equations
(EF = 10.4 meV). The Eg is somewhat shifted towards the
red side (by 3 meV) with respect to the PL peak position.
This is a consequence of 2D-carrier scattering by the charge
impurities, which depends strongly on the thickness of the
spacer layer. These findings give us ground to state that the
high energy side of the PL profile is mainly defined by the
electron-hole recombination accompanied by impurity and
disorder-assisted processes, which results in broadening and
blueshifting the PL line. The low-energy tail of the PL fea-
ture of sample S2 is contributed by exciton-like effects.
Consequently this spectrum, in spite of lower 2DEG densi-
ty with respect to that depicted for the sample S1, shows a
significantly larger FWHM (by one order of magnitude),
related obviously to the growth of QW disordering with
diminishing the QW thickness.
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The tendency found is held for the Sample S3 where the
QW thickness is of 12 nm and Ns = 6.30 × 1011 cm-2, being
practically the same one as in Sample S1. Sample S3 shows
in the low-temperature PL spectrum a pronounced knee at
the Fermi energy. The FWHM value is of 16 meV. The
spectrum observed is typical for strongly disordered QW.
The line shape is fitted precisely to Eq. (1). A magnetolumi-
nescence study shows that the structure of PL spectra in
magnetic fields is determined both the 2DEG behavior and
by the presence of localized holes. The conditions for hole
localization can be explored by means of optical detection
of the quantum oscillations via PL in a magnetic field
[14,15]. The quantum oscillations in PL intensity with the
Fermi sea reveal two distinct periods in 1/B
 
. This behavior
is attributed to the existence of two sorts of hole localization:
a shallow one, primary resulting in the hole scattering, and
a deep localization resulting in a 10meV shift of the quan-
tum oscillations. This latter strong hole localization is caused
by the alloy fluctuations, caused in part by the In content,
the density of which becomes substantially enhanced in the
QW of smaller widths. So, we conclude here that diminish-
ing of the QW width favors the growth of potential fluctua-
tions, contributed by the fluctuations in the InyGa1-yAs
composition, the QW thickness, and the density of charge
impurities, just in the under-CLT region of QW thicknesses.
B. Raman scattering study
The samples investigated by PL were studied then by Ra-
man scattering technique. The unanalyzed spectra have been
recorded at room temperature. The strained InGaAs QW,
as thin as 10-20 nm, clad by a thicker doped AlGaAs layer
is difficult to investigate here due to the Al content used
about of 20% does not provide a sufficient distinction be-
tween GaAs-like longitudinal optical (LO) phonons in the
InGaAs and barriers. While the In content is about of 10%
the GaAs-like LO-phonon frequencies of the well are very
close to those of bulk GaAs [16]. Fig. 2 shows such superim-
posed spectra for three representative samples under inves-
tigation in the spectral region of the GaAs-like LO phonon.
Because the backscattering from (100) surface is consid-
ered the transversal optical (TO) modes of GaAs are nomi-
nally forbidden. TO phonon modes are allowed only in (011)
and (111) backscattering. Therefore, the Raman measurements
have to be made at least in two different backscattering planes
to identified all the phonon modes allowed. Moreover the iden-
tification of the phonon modes in InyGa1-yAs by Raman stud-
ies has differences as summarized by Nash et al [17]. Be-
cause the Raman spectra contain convoluted bands the line-
shape analyses is needed in deconvolving the complicated
spectral responses and obtaining the precise and reliable
phonon frequencies [18]. The spectral feature at n  =285 cm-1
is related to the GaAs-like LO mode in AlxGa1-xAs, which
was identified following the Raman scattering studies in n-
type and p-type AlxGa1-xAs layers [19,20], and it corre-
sponds to the Al molar fraction y = 0.2. We have also ob-
served the peak corresponding to the AlAs-like LO phonon
at n  = 365 cm-1 which is broad and strongly weaker than
that at n   = 285 cm-1. The feature at n   = 270 cm-1 is contrib-
uted by different modes: the TO phonon of GaAs due to the
alignment of measurement is slightly out of the backscatter-
ing geometry, observed also in the resonant Raman scattering
from mixed InyGa1-yAs crystals [21]; the coupled LO phonon-
plasmon mode L- observed, both in n-type AlxGa1-xAs [19],
and in the InAs epilayer with the carrier concentration
1.0× 1017 cm-3 [22]. The deconvolution of the superimposed
features in the spectral region 280-300 cm-1 and subsequent
analysis of the Raman line shape was performed using the
technique developed by Mintairov and Temkin [18]. In this
technique the frequency dependence of the scattering effi-
ciency for a dipole-active Stokes component of the Raman
spectrum of a multimode alloy is described by
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where e ( w , q) 
 
is the dynamic dielectric function of the
crystal, j specifies the optical phonons, q is the wave vec-
tor, c j( w ) is the phonon susceptibilities, and the coefficients
Kj are expressed through the phonon oscillator strength and
the Faust-Henry parameters [18]. The results of analysis
will be presented elsewhere. Here we use the frequency of
GaAs-like mode derived from the line shape analysis. It
coincides closely with that found from the «spatial
correlation» model [23], which using a Gaussian correlation
function quantitatively explains the broadening and asym-
metry of the first-order LO Raman spectrum induced by
alloy potential fluctuations. Then Raman intensity can be
written as [23]
( ) ( )[ ] ( ){ }
ò
-
G+--µ
1
0
312
0
222 2)4/exp( qdqLqI www .(3)
240 260 280 300 320
S 1
S 2
S 3
L O  2
L O  1
T O  1
R  a  m  a  n     s  h  i f  t  ,   c  m  -1
R
 
a
 
m
 
a 
n
 
 
 
in
te
n
sit
y,
 
 
au
Fig. 2. Unpolarized Raman spectra of AlxGa1-xAs/InyGa1-yAs/GaAs
heterostructure recorded at room temperature. The GaAs-like LO mode in
InGaAs and in AlGaAs are shown by arrows. The deconvolution of super-
imposed peakes is shown by dashed lines. TO mode is observed at n  =
268 cm-1.
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Here G 0 is the FWHM of the intrinsic Raman line shape of
the end-point materials, 
 
L
 
 is a correlation length, and the
dispersion w (q) of the LO phonon is taken as for a one-
dimensional linear-chain model. Being applied to our Raman
spectra Eq. (3) shows different correlation length for the
GaAs-like mode in InGaAs layer, decreasing for the smaller
QW widths. This reflects the decrease of ordering in the
InGaAs epilayer with decrease of its thickness. The fre-
quency shift for the allowed LO phonon caused by strain is
given by [16]
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where e  is the strain, w 0 is the zero-strain frequency of the
LO mode, and a  and b  are phonon coefficient related to
frequency changes in the presence of uniform strain. S11
and S12 are the compliance constants, which are expressed
through the elastic parameters. Fig. 3 shows the phonon
frequencies found for our samples, and those for the thin
strain-layered InyGa1-yAs films, grown on GaAs substrates
[6]. Comparing the results we conclude that our samples
should be indeed refered to the perfect epitaxy. No visible
strain relaxation can be derived from the Raman scattering
data: the layer with the perfect epitaxy is under the largest
compressive stress, which shifts the phonon frequencies to
higher energies, as can be seen from Fig. 3. The similar
conclusion can be derived also from the comparison of our
data with those obtained by Gilperez et al. [24] for pseudo-
morphic InGaAs/AlGaAs heterostructures. It should be
noted here that Burns et al. [6] using the Raman technique
and X-ray rocking curve technique have found the CLT for
the 
 
y »  0.1 strain-layered InyGa1-yAs films grown on GaAs
substrates has to be between 150 nm and 250 nm. This latter
value strongly exceeds that obtained in our analysis, about
of 25 nm, and mirrors the difference in the CLT definition.
In fact the change of the layer thickness shares among
numerous defects which can be generated during the growth,
and when the dislocations are not more threatened the
epilayer quality below the CLT a new sort of defects arises
which results in the layer disordering for the smaller layer
thicknesses. These defects do not influence substantially the
allowed phonon modes, but favor to appearance of the for-
bidden modes. Our Raman measurements give evidence for
such conclusion.
Fig. 4 depicts the Raman spectra in the region below
200 cm-1. It is clearly seen that the spectral feature at
n   = 160 cm-1 gradually develops from a practically indis-
tinguishable from the background noise level for the Sample
S1 to well pronounced peak for the Sample S3. The peak
around 160 cm-1 was first reported by Kakimoto and Katoda
[22] when the Raman spectra from Ga1-xInxAs epitaxial
layers of various compositions were studied and was
considered as the disorder-activated longitudinal acoustic
(DALA) phonon of Ga1-xInxAs, because its intensity was at
maximum near the middle-range composition. Then the
DALA phonon was identified in the resonant Raman scat-
tering at the saddle-point singularity in InxGa1-xAs which
was of a very weak intensity at the 
 
2.41
 
 eV laser energy,
but become enhanced near the E1 gap for the In0.24Ga0.76As
sample [21]. In the case of In
 0.53Ga0.47As this feature was
observed as a strong one far from resonance and become
further enhanced near the E1 gap. We find here that DALA
phonon develops clearly in the sample, where the PL
response also signalizes about QW disordering. So the
correlation between the PL and Raman spectra observed in
our AlxGa1-xAs/InyGa1-yAs/GaAs heterostructures appears
to be very indicative for the QW quality in the region of
QW widths far beyond the CLT. Other peaks observed be-
low n  =160 cm-1 can be assigned in part to the disorder-
activated compound modes, and in part their origin is not
yet explored. The peak at n  =160 cm-1 can be contributed
also by the 2TA (transverse acoustic) mode of InGaAs, ac-
tivated by disorder.
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Fig. 3. The GaAs-like LO phonon frequencies in InGaAs derived from
the measured Raman spectra and those from Ref. 6 versus the InGaAs
layer thickness.
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Fig. 4. Raman spectra for three representative samples in the spectral re-
gion of defect-activated acoustic modes of InGaAs.
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Conclusions
Summarizing the results of PL and Raman scattering stud-
ies of modulation-doped pseudomorphic strained-layer
AlxGa1-xAs/InyGa1-yAs/GaAs heterostructures we have es-
tablished the correlation between the PL line shape changes
and the Raman spectra modification when the QW width is
below the critical thickness estimated to be 25 nm for y=0.1.
The PL feature observed for the InGaAs QW width equal to
20 nm as the extremely narrow exciton-like peak with the
FWHM equal 1.5 meV at low temperature (T = 6 K) trans-
forms into a broad band of the FWHM equal 16 meV when
the QW width reaches the value about of 12 nm. This effect
is connected with worsening the quality of InGaAs epilayer
due to growth of fluctuation density; contributed by the fluc-
tuations in the InyGa1-yAs composition, the QW thickness,
and the density of charge impurities immediately in the
under-CLT region of QW thicknesses. The PL line broad-
ening is accompanied by the modifications in Raman spec-
tra. A new line arising at the spectral position n  =160 cm-1
is related to the longitudinal acoustic mode of InyGa1-yAs
induced by increased disorder of the narrower QW. This
line seems to be more indicative for the evaluation of disor-
dering degree than the conventional GaAs-like mode of
InGaAs layer in the region of the layer thicknesses far be-
low the CLT. Inasmuch the high quality homogeneous
epilayer is expected to get only for a certain range of thick-
nesses placed below the CLT. The range depends likely on
the InyGa1-yAs composition and will be the subject of fur-
ther investigation.
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